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This study reports the establishment of a highly effi-
cient, reliable in vitro tissue culture system for the
regeneration of fertile plants from immature zygotic
embryo explants of pearl millet. Eight pearl millet geno-
types were assessed for their amenability to tissue cul-
ture. The tissue culture responses obtained were
strongly genotype-dependent. One of the most regener-
able genotypes, 842B, was selected for further screen-
ing. The influence of the ethylene inhibitor silver nitrate,
the osmoprotectant L-proline, and high carbohydrate
pulses were examined with respect to callus induction,
production of embryogenic callus and somatic embryo
regeneration to form shoots and roots. Supplementation
of the callus induction medium with L-proline in combi-
nation with maltose produced the most significant
improvement in the regeneration capacity of genotype
842B resulting in, on average, eighty regenerants per
cultured immature zygotic embryo.
High frequency plant regeneration from cultured explant
material is a prerequisite for the successful transformation of
most cereal crops. The limiting step in the development of
genetic engineering technology for the improvement of
cereal crops by biolistic transformation is the in vitro culture
step. In vitro culture of cereals shows strong genotype
dependence and production of the appropriate culture is
generally limited to selected genotypes (Lambé et al. 1999).
Furthermore, the majority of cereal cultures lose their mor-
phogenic capacity after several sub-cultures, as was also
reported for pearl millet (Lambé et al. 1999, Pius et al. 1993).
Procedures for pearl millet (Pennisetum glaucum [L.] R.
Br.) plant regeneration via somatic embryogenesis have
been described for a range of tissues such as Immature
Zygotic Embryos (IZEs) (Goldman et al. 2003, Lambé et al.
1999, Oldach et al. 2001, Vasil and Vasil 1981), mature
embryos (Botti and Vasil 1983), immature inflorescences
(Vasil and Vasil 1981) and shoot apices (Devi et al. 2000,
Lambé et al. 1999). In this study, eight pearl millet genotypes
were screened in vitro, using IZEs as explants, for consecu-
tive induction of embryogenic calli, somatic embryogenesis
and regeneration. Genotype purity and cultivation in Africa,
or potential use in African breeding programmes, were con-
sidered in the initial selection of the genotypes. One of the
highly regenerable genotypes, 842B, was assessed further
on various media. In particular, the effect of the addition of L-
proline and AgNO3 to the tissue culture medium was inves-
tigated.
A highly efficient regeneration system has led to a highly
efficient transformation system for oat plants (Gless et al.
1998a, 1998b). Therefore, the aim of this study was to
improve regeneration capacity of pearl millet in order to
establish a routine transformation system.
Materials and Methods
Seed material
Seed material was kindly provided by International Crops
Research Institute for the Semi-Arid Tropics (ICRISAT)
Zimbabwe (pearl millet genotypes 841B, 842B, 843B),
ICRISAT India (pearl millet genotypes ICMB88006 and
ICMB87001) and Savanna Agricultural Research Institute
(SARI) Ghana (pearl millet genotypes 7042, Bongo Nara
and Manga Nara). Seedlings were planted in a soil mix con-
sisting of red soil, rough sand and compost (1:1:1), and were
watered three times per week with a soluble fertiliser
(Hortichem N:P:K at 3:1:5, Ocean Agriculture) until flower-
ing. Cross-pollination was prevented by covering the flowers
with brown paper bags.
Excision of IZEs
Greenhouse-grown florets of pearl millet containing IZEs
(10–14 days post-pollination) were rinsed in 70% (v/v)
ethanol for one minute and sterilised for 15min in a 2.5%
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(m/v) sodium hypochlorite solution containing 0.1% (v/v) of
the surfactant Tween 20, before being thoroughly rinsed with
sterile distilled water. IZEs (0.8–1mm in size) were asepti-
cally excised from the florets using a dissecting microscope
and placed with their axes in contact with the callus induc-
tion medium and their scutella positioned upwards. All tissue
culture was performed under aseptic conditions.
Tissue culture of IZEs
IZEs were cultured on either MS based media (Pinard and
Chandrapalaiah 1991), designated PM1 media, or on L3-
based media (Jähne et al. 1991, Gless et al. 1998a), desig-
nated PM2 media (Table 1). All PM1 media (regime A–E)
contained 30g l–1 sucrose as a carbon source, 2mg l–1 2,4-D
in the induction medium and were solidified by 8g l–1 agar. All
PM2 media (regimes F–M) were solidified by 4g l–1 gelrite,
contained 2.5mg l–1 2,4-D in the callus induction medium
and 30g l–1 maltose (regimes F–L) or 30g l–1 sucrose (regime
M). Embryo derived calli were transferred to fresh callus
induction medium after two weeks. Some one-month-old
callus initiated on L-proline containing media D–E and I–M
was transferred to maturation medium for a period of two
weeks (Table 1). Maturation media contained 6% of the car-
bohydrate and no L-proline (D, E, J, K and M) or a combi-
nation of AgNO3 and hormones (media L; Table 1).
Thereafter, embryogenic tissue was transferred to regenera-
tion medium, containing only 3% of the carbohydrate, and
subcultured every three weeks until the development of
plantlets (>1cm). Calli induced on media regimes A–C and
F–I had no maturation phase, but were transferred directly to
regeneration media as indicated in Table 1. Developing
plantlets on regeneration media A–C, E, G, H and K were
transferred to rooting media without AgNO3 and hormones,
and subcultured every three weeks. Rooted plantlets of
>1cm were recorded as regenerants. A small selection of
regenerants was hardened-off in the greenhouse as
described by O’Kennedy et al. (1998). Cultures on callus
induction, maturation and regeneration media were incubat-
ed at 24–25°C, under low-light conditions (1.8µE m–2 s–1),
whereas regenerating shoots (≥1cm) were incubated under
dim light (18µE m–2 s–1) at 24–25°C.
Tissue culture of shoot apices
Seed material was rinsed with 70% ethanol for one minute
and incubated in sterility broth (autoclaved solution of half-
strength MS salts, MS vitamins, 10g l–1 yeast extract, 3g l–1
beef extract and 5g l–1 glucose) for four hours. Subsequently,
the seeds were rinsed with sterile distilled water and ster-
ilised for 30min in a 3.5% sodium hypochlorite solution con-
taining 0.1% (v/v) of the surfactant Tween 20, before being
thoroughly rinsed with sterile distilled water. Sterilised seeds
were plated on half-strength MS medium without any hor-
mones at 24–25°C under a light intensity of 80µE m–2 s–1.
Uncontaminated germinating seedlings with a leaf length of
0.5–7cm were cut into 0.25–1mm sections and placed with
the cut surface on the culture medium. Shoot apex cultures
were initiated and cultured on callus induction medium as
described by Gless et al. (1998a) for oat plants. White com-
pact callus produced on callus induction was transferred to
maturation medium, as described by Gless et al. (1998a),
and then transferred to regeneration medium for the devel-
opment of plantlets. Regenerated plantlets were transferred
to regeneration medium in Magenta boxes.
Results and Discussion
Pearl millet IZEs were cultured on PM1 or PM2 tissue cul-
ture media to induce embryogenic calli from which fertile
plantlets were regenerated via somatic embryogenesis. The
two media differ in their carbohydrate source, solidifying
Table 1: Composition of pearl millet tissue culture media regimes tested. The media in regimes A–E are as described by Pinard and
Chandrapalaiah (1991), modified as indicated and designated PM1 media. The media in regimes F–M are as described by Gless et al.
(1998a), modified as indicated and designated PM2 media. Regime B and F media were therefore unmodified as described by Pinard and
Chandrapalaiah (1991) and Gless et al. (1998a), respectively
Media Carbohydrate Callus induction Maturation media Regeneration media
regime source media
for regime L-proline % AgNO3 IAA Kinetin AgNO3 IAA Kinetin
2.3g l–1 carbohydrate 10mg l–1 0.2mg l–1 0.5mg l–1 10mg l–1 0.2mg l–1 0.5mg l–1
A sucrose – na na na na + + +
B sucrose – na na na na – + +
C sucrose + na na na na + + +
D sucrose + 6 – – – – – –
E sucrose + 6 – – – + + +
F maltose – na na na na – – –
G maltose – na na na na + – –
H maltose – na na na na + + +
I maltose + na na na na – – –
J maltose + 6 – – – – – –
K maltose + 6 – – – + – –
L maltose + 3 + + + – – –
M sucrose + 6 – – – – – –
na = not applicable, media regimes A–C and F–I had no maturation phase
O’Kennedy, Smith and Botha504
agent and basal salts, vitamins, ammonium nitrate, and
amino acid contents. PM1 is a MS (Murashige and Skoog
1962) basal medium containing sucrose and solidified by
agar, whereas PM2 is a L3 (Jähne et al. 1991) basal medi-
um containing maltose and solidified by gelrite. PM1
includes media A–E tested in this study and PM2 includes
media F–M tested in this study (Table 1).
IZEs at a critical stage of development were used as the
most appropriate explant source. In this study, the frequen-
cy of embryogenic calli initiation was significantly higher in
cultured IZEs (95%, induction medium A) of pearl millet
genotype 842B than in cultured shoot apices of this geno-
type (no more than 54%), whereas Lambé et al. (1999)
found the opposite. In our laboratory, shoot apices of geno-
type 842B produced an average of only 6.1 regenerated
plantlets per explant over a period of 16 months. The three
genotypes from the Ivory Coast used by Lambé et al. (1999),
who cultured shoot apices for the production of embryogenic
callus, might have been very responsive and had a high
regeneration potential on the tissue culture medium used in
their study. Nevertheless, in this study, IZEs of 0.6–1mm in
length excised approximately 8–12 days post pollination,
produced embryogenic calli that regenerated to form
plantlets. The epidermal and subepidermal cells of the
scutellum of the IZEs at the coleorhizal end either formed
somatic embryos (PM1 medium) or gave rise to embryo-
genic calli, which subsequently matured to form somatic
embryos (PM2 callus induction and maturation medium;
Figure 1a–d). PM2 induction medium supplemented with
20mM L-proline (I–L induction media) gave rise to friable
embryogenic calli (type II) within one month of culture
(Figure 1c). Numerous white cup-shaped somatic embryos
developed on the surface of friable watery calli (Figure 1d)
within two weeks after transfer of the cultures to PM2 matu-
ration medium (J, K or L maturation media). After two weeks
of culture on the maturation medium, cultures were trans-
ferred to hormone-free PM2 regeneration media and within
1.5–6.5 months, somatic embryos developed to form inde-
pendent rooted plants ready for hardening-off under green-
house conditions (Figure 1e). Small selections of PM1-
derived and PM2-derived plantlets were hardened-off under
greenhouse conditions and matured to form fertile plants,
which set seed (Figure 1f).
Eight pearl millet genotypes were screened on the PM1
media regime A (induction, regeneration and rooting media).
White, compact callus, constituting mainly somatic embryos,
developed within one month from the scutellum cells of cul-
tured IZEs. Almost 100% of the explants produced white
compact callus, which regenerated to form clusters of
plantlets that were difficult to separate. Plantlets that were
obtained during regeneration rooted successfully. Results of
the eight genotypes screened on media regime A clearly
show genotype dependence of regeneration of pearl millet
(Figure 2). The one-way ANOVA test shows significant dif-
ference (P ≤ 0.001) between 1) genotypes 842B and Manga
Nara (MN) which produced the highest number of regener-
ants per ten cultured embryos (110.3 ± 43.7 and 145.5 ±
27.5, respectively) and 2) genotypes 7042 and ICMB 88006
(1.8 ± 2.2 and 0.8 ± 1.5, respectively) which produced the
lowest number of regenerants per ten embryos. Therefore,
842BA = MNA > 7042B = ICMB88006B; where the means fol-
lowed by the same uppercase letters are not significantly dif-
ferent at P ≤ 0.005. There is no significant difference
between the other treatments (P ≤ 0.005). Bhaskaran and
Smith (1990) hypothesised that the genetic basis of variabil-
ity in tissue culture response and morphogenesis is most
likely due to differences in hormone metabolism within the
explant that is established by the level of gene expression
for individual hormones by the genotype. The authors stated
that all genotypes are capable of producing embryogenic
cultures, if the correct meristematic explant and initial expo-
sure to the appropriate plant growth regulators are used.
Hopefully, future advances will clarify the underlying
source(s) of variability in regeneration responses between
genotypes.
Subsequently, genotype 842B, which produced a high
number of regenerants on tissue culture media regime A,
was screened on thirteen different tissue culture media
regimes designated A–M (Table 1, Figure 3). The highest
number of regenerants was obtained on media regime J,
where the induction medium was supplemented with L-pro-
line and maltose was increased to 6% during the maturation
phase. The one-way ANOVA test shows significant differ-
ence (P ≤ 0.001) between the number of regenerants per ten
cultured embryos cultured on tissue culture media regime J
(806.5 ± 222.1) and A, B and G (110.3 ± 43.7, 146.3 ± 52.3
and 72.8 ± 43.2, respectively). Indicating that JA > AB = BB =
GB; where the means followed by the same uppercase let-
ters are not significantly different at P ≤ 0.005. There is no
significant difference between the other treatments (P ≤
0.005). The highest number of regenerants produced per
individual explant cultured on PM1 media was produced on
media regime E where the regenerants produced ranged
from 0 to 60 per individual explant. PM2 media regime J pro-
duced the highest number of regenerants overall, ranging
from a minimum of 31 per explant to a maximum of 282 per
explant. 
It was previously reported for loblolly pine that maltose in
combination with polyethylene glycol resulted in the highest
embryo maturation efficiency (Li et al. 1998, Pullman et al.
2003). Although it seems in our study with pearl millet that
the L-proline/maltose medium J, especially in combination
with the maturation step, might be the most effective
improvement for 842B, the one-way ANOVA test shows no
significant difference between D and J treatments (P ≤
0.005) (Figure 3).
The addition of L-proline to the induction media or AgNO3
to the regeneration of PM1 media regimes did not give a sta-
tistically significant increase in the number of regenerants
per cultured IZE. The addition of AgNO3 and the hormones
kinetin and IAA to the regeneration media rather severely
inhibited rooting of the shoots produced (previous study,
data not shown). Therefore, both the hormones and AgNO3
were omitted from rooting medium. In contrast, the addition
of L-proline to the PM2 induction medium and the inclusion
of a maturation medium step (culture for two weeks on
auxin-free medium containing double the quantity of malt-
ose, 6% instead of 3%) in media regime J, resulted in a two-
fold increase compared to the media described by Gless et
al. (1998a) for oats (media regime F). Once more, there was
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Figure 1: Tissue culture cycle of pearl millet genotype 842B. (a) Callus tissue after one month of culture of immature zygotic embryos on C
induction medium. (b) Callus tissue producing shoots after one month of culture of immature zygotic embryos on C induction medium followed
by two months of culture on C regeneration medium. (c) Callus tissue after one month of culture of immature zygotic embryos on J induction
medium. (d) Callus tissue after one month of culture of immature zygotic embryos on J induction medium followed by two weeks of culture
on J maturation medium. (e) Rooted shoots via somatic embryogenesis on media regime J, and ready for hardening-off in the greenhouse.
(f) A fertile regenerant produced on media regime L and growing in the greenhouse after successful hardening-off
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no significant effect of AgNO3 on regeneration efficiency
(Table 1, Figure 3). Media regimes J and L had the identical
induction media (containing L-proline). However, maturation
medium J was auxin-free and contained 6% maltose, where-
as L maturation medium contained kinetin, IAA and AgNO3,
and the standard 3% maltose (Table 1). The doubling of the
carbohydrate source (medium regime J) resulted in higher
numbers of regeneration per ten explants when compared to
media regime L where maturation was induced by hormones
and AgNO3 (Figure 3), but the difference was not statistical-
ly significant. However, it is significant that media regime J
produced only 0.8% albino regenerants whereas regime L
produced 3% albino regenerants. The production of albino
plants might be the result of the addition of L-proline and or
the hormones to the tissue culture medium. Nevertheless,
the final numbers of regenerants presented in the figures
and text reflects only green plantlets. In addition, media
regimes F and I (with or without the addition of L-proline in
the induction media, respectively) resulted in almost an
identical number of regenerants per ten explants (407.5 ±
146.0 and 416.3 ± 58.0, respectively). This clearly indicates
that the two weeks maturation phase is essential to increase
(media regime L, 552.3 ± 200) or even double (media
regime J, 806.5 ± 222.1) the number of regenerants per ten
explants.
Finally, selected genotypes 842B, Manga nara (MN) and
Bongo nara (BN) were tested on tissue culture media
regimes A, J and K (Figure 4) expecting improved regener-
ation efficiency for Manga nara and Bonga nara cultured on
especially media regime J. However, significant differences
were only obtained amongst genotypes, but no significant
difference was obtained in the same genotype cultured on
media regimes A, J or K.
In previous studies, accumulation of ethylene released
during the growth of the tissue in the gaseous atmosphere
of the culture vessel has been identified as one of the fac-
tors responsible for poor regeneration response. Silver ion is
a potent inhibitor of ethylene action (Beyer 1976) and Ag+
inhibits the physiological action of ethylene, without interfer-
ing with ethylene biosynthesis (Lieberman 1979). A number
of reports have shown that AgNO3 can promote in vitro
embryogenic callus and shoot production in various crops
(Carvalho et al. 1997, Chi and Pua 1989, Cruz de Carvalho
et al. 2000, Oldach et al. 2001, Pius et al. 1993, Purnhauser
et al. 1987, Songstad et al. 1991, Vain et al. 1989). DeBlock
et al. (1989) reported that 2–10mg l–1 AgNO3 was a prereq-
uisite for efficient shoot regeneration of Brassica under
selective conditions using Agrobacterium-mediated transfor-
mation. Pius et al. (1993) reported a three-fold increase in
regeneration rates of pearl millet cultures when supplement-
ing regeneration medium with 10mg l–1 AgNO3. Pius et al.
(1993) concluded that inhibitors of ethylene, such as AgNO3,
made it possible to sustain regeneration in cultures that lose
their ability to regenerate. Oldach et al. (2001) reported a
significant increase in the regeneration rates of pearl millet
cultures when supplementing induction medium with 5mg l–1
AgNO3. In this study, however the effect of supplementing
regeneration medium with 10mg l–1 AgNO3 to improve the
regeneration rate of pearl millet was insignificant.
The addition of L-proline is commonly used in maize tis-
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Figure 2: The number of regenerants obtained per ten embryos
when eight pearl millet genotypes were screened on tissue culture
medium regime A (Table 1). The standard deviation is indicated by
the bars. One-way ANOVA test indicated no statistically significant
difference (P ≤ 0.001) between genotypes 842B and Manga nara
(MN). Genotype Bongo nara was abbreviated as BN. Four inde-
pendent replications were done per treatment
Figure 3: The influence of 13 independent callus induction and
regeneration media A–M (Table 1) on regeneration rates from cul-
tured immature pearl millet embryos of genotype 842B. The addi-
tions of AgNO3 (*) and/or L-proline (bars underneath) are indicated
on the graph. PM1 or PM2 based media regimes are also indicat-
ed. Four independent replications were done per treatment. The
standard deviation is indicated by the bars
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sue culture media (Armstrong and Green 1985, Pareddy
and Petolino 1990). Armstrong and Green (1985) found that
L-proline was essential for routine initiation of Type-II maize
callus, from which large numbers of fertile plants were
regenerated. They also found a significant linear relationship
between L-proline concentration, up to 25mM, and embryoid
formation in maize cultures. However, the physiological role
of L-proline is not clear. Many organisms, including higher
plants, accumulate free L-proline in response to osmotic
stress (Nanjo et al. 1999a). Nanjo et al. (1999a) showed by
generating antisense transgenic Arabidopsis plants inhibit-
ing the production of L-proline, that the transgenic leaves
were hypersensitive to osmotic stress, morphological alter-
ations in the leaves occurred, a defect in elongation of inflo-
rescences occurred, and the structural proteins of cell walls
were negatively affected. In another set of experiments,
Nanjo et al. (1999b) introduced an antisense gene for the
suppression of L-proline degradation into the genome of
Arabidopsis and found that the antisense transgenic plants
were more tolerant to freezing and high salinity stress than
the wild type, showing a positive correlation between L-pro-
line accumulation and stress tolerance. Thus, the addition of
L-proline in tissue culture media might benefit cultured plant
tissue and plants since it has a unique function in osmotol-
erance and morphogenesis as a major constituent of cell
wall structural proteins. Furthermore, L-proline may lead to
an enhanced tolerance to stress caused by the tissue cul-
turing process. This can potentially lead to higher numbers
of shoots being regenerated, which is the case in this study,
and improved overall health and fertility of tissue cultured
plants.
In conclusion, we report a highly efficient regeneration
system for pearl millet genotype 842B via somatic embryo-
genesis. IZEs of genotype 842B cultured on media J proved
to be the most efficient regeneration system in this study.
The significantly high regeneration rate obtained for geno-
type 842B on media regime J can be attributed to the
responsiveness of this genotype, as well as the nutrient
composition of the J media regime. An average of 80 regen-
erants per individual IZEs were obtained and roots appeared
simultaneously with shoot production or shortly after shoot
production. This coincides with the theory that somatic
embryos are defined as bipolar structures that shoot and
root simultaneously. The total period in tissue culture was 3
to 10 months. Similarly, Devi et al. (2000) obtained 80 green
vegetative shoots from each originally cultured shoot apex,
and roots formed two weeks after culture initiation. However,
the total period in tissue culture and regenerant fertility is not
reported. It is possible that secondary somatic embryo for-
mation resulted in the high number of regenerants in our
study and the study of Devi et al. (2000), as Oldach et al.
(2001) reported a total tissue culture period of no more than
5 months. Nevertheless, the regenerants hardened-off in
this study were fertile which is an essential factor for the
future production of transgenic plants.
The establishment of a highly efficient regeneration sys-
tem for pearl millet genotype 842B will greatly benefit pearl
millet breeding programmes as it is widely used in breeding
programmes in Africa and India by ICRISAT. Genotype 842B
has been of economic importance to the pearl millet hybrid
seed industry in India over the past 15 years. It is one of the
elite inbred lines, which are maintainer lines of seed parents
of hybrid cultivars. This line has the potential to contribute to
the production of early maturing grain-type hybrids for parts
of southern and eastern Africa (Dr T Hash, ICRISAT, India,
pers. comm. 1999). The authors recently establishing a reli-
able transformation protocol for pearl millet genotype 842B
(O’Kennedy et al. 2004, in press) following the medium J
protocol as reported in this study, and using the positive
selectable marker gene, manA. Previous transformation
studies used the herbicide selectable marker gene, bar, to
obtain stable transformation of pearl millet and genotypes
other than the breeding line 842B (Girgi et al. 2002,
Goldman et al. 2003). Optimising transformation protocols
using selectable marker genes would form the technological
basis for the genetic enhancement of pearl millet and would
provide the means to introduce agronomical significant
genes into a cereal crop grown widely in both India and parts
of Africa.
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